Reversible acetylcholinesterase inhibitors are an important group of drug compounds that are used medicinally to treat Alzheimer's disease. In this study, dissociation constant values (pK a ) of some reversible acetylcholinesterase inhibitors (donepezil, rivastigmine and galantamine) having different functional groups were determined in different percentages of acetonitrile (MeCN)-water and methanol (MeOH)-water binary mixtures using reversed phase liquid chromatography (RPLC) method. In this way, a complete description of the retention behavior of each solute in the space defined by the pH and organic modifier percentages variables was obtained. The linear relationships established between retention factors of the species and the polarity parameter of the mobile phase (E T N ) was proved to predict accurately retention in liquid chromatography (LC) as a function of the acetonitrile and methanol content. In result, the estimated aqueous pK a values of studied basic compounds were assessed by comparing them with literature data.
Introduction
Alzheimer's disease (AD) is a progressive neurological disorder, the most common form of dementia, characterized by memory loss and other intellectual abilities serious enough to interfere with daily life. 1 Reversible acetylcholinesterase (AChE) inhibitors are drugs used for treatment of Alzheimer's disease. These inhibitors include compounds with different ionizable functional groups. Donepezil, rivastigmine and galantamine as reversible AChE inhibitors are basic and water-insoluble compounds.
The dissociation constant (pK a ) of drugs is of main importance for their absorption, distribution, metabolism, and excretion (ADME). This physicochemical parameter is a main item in the biophysical characterization of a drug and may be helpful in predicting the behavior of a drug under in vivo conditions. Hence, it is important to calculate properly the drug dissociation constant value of a pharmaceutical compound. 2 Various experimental modalities have been used for the determination of the dissociation constants, comprising potentiometric titration, 3 spectrophotometry, 4 high performance liquid chromatography (HPLC) [5] [6] [7] and capillary electrophoresis (CE) methodologies. 8 Among these techniques, most drugs can be analyzed by reversed phase liquid chromatography (RPLC) technique because of several advantages like rapidity, specificity, accuracy, precision and ease of automation in this method. Moreover, pK a values can also be predicted by computational methods on the basis of molecular structure. 9 Analysis of the change in retention time of the analyte vs. the change in pH of the mobile phase gives an indirect measure of the dissociation constant. The theory for studying the pH dependence of chromatographic retention for ionizable compounds in liquid chromatography was proposed by Horváth et al. 10 with the equation 
where K a is defined as the dissociation constant of the protonated base (BH + ) in the hydroorganic mixture used as mobile phase, and k BH + and k B are the limiting retention factors of the protonated and undissociated base, respectively. a H m + is the hydrogen ion activity in the mobile phase. g BH m + is the activity coefficient of the dissociated base in the mobile phase that can be calculated by the classical Debye-Huckel equation.
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For any chemical process occurring in solution, the polarity of the solvent plays a crucial role in determining the outcome. 12 A widely employed measure of solvent polarity is Dimroth and Reichardt's E T (30). 13 E T (30) polarity of organic solvent-water binary mixtures mobile phases used in RPLC were measured and compared with chromatographic retention and selectivity. This polarity index is often used (also in this study) in its normalized, dimensionless form, the so-called empirical parameter of solvent polarity, E T N . Linear plots of log k vs. ϕ are also satisfactory for most solutes for narrow ranges of organic solvent. However, Johnson et al. 12 demonstrated linear relationships in a wide range of organic solvents between the solute log k and E T N . 14 E T N polarity parameters have been used to predict the chromatographic behavior of ionizable compounds.
Variation of the retention factor of neutral form of a base (k B ) and the retention factor of protonated form of a base (k BH +) with percentage of organic modifier in the mobile phase is represented by the normalized Dimroth and Reichardt polarity parameter (equations 2 and 3).
Substituting equations 2 and 3 into equation 1 the theoretical expression describing the dependence of the retention factor for basic solutes as a combined function of pH and E T N may be expressed as follows: 
where C BH + and C B are intercept values of the protonated and neutral species, respectively. Similarly, e BH + and e B are slope values of these species. 15 Aqueous dissociation constants are a relevant technological property to know stability and solubility of drug. A critical evaluation of different extrapolation approaches for compounds poorly soluble in water should be very useful in drug development. 16 Many drugs are poorly soluble in water and therefore literature proposes several different approaches for their aqueous pK a estimation. In this work, the chromatographic dissociation constant values of donepezil, rivastigmine and galantamine were determined in various MeCN-water and MeOH-water binary mixtures. pK a values of each compounds were measured in five different organic solvent-water mixtures. To obtain the best aqueous pK a value from pK a data, two different extrapolation methods have been tried. In the first approach, pK a values were plotted against MeCN and MeOH mole fraction (X of organic solvents). 17 This method was applied using the following equation:
where the intercepts of these linear equations obtained from this approach were the aqueous pK a values of studied compounds In second approach, Yasuda-Shedlovsky equation 18, 19 was used in order to predict aqueous pK a values from the pK a values. This extrapolation method establishes a correlation with the dielectric constant. The following equation has been adopted:
where log[H 2 O] is the molar water concentration of the given solvent mixture, ε is the dielectric constant of the mixture and a and b are the slope and intercept, respectively. This method is the most widely used procedure in organic solvent-water binary mixtures. When the pK a value is not directly available, it can often be estimated from the chemical structure of the compound. Marvin Sketch program 9 was used for this aim. For a given structure, it estimates not only pK a values but also other physicochemical parameters.
Experimental

Chemicals and reagents
All chemicals were used directly without any further purification. Donepezil hydrochloride monohydrate and galantamine hydrobromide were purchased from SigmaAldrich (St. Louis, USA). Rivastigmine tartrate was kindly provided by Novartis Pharm. Inc. (Istanbul, Turkey). Orthophosphoric acid (min. 85%) was obtained from Riedel-de-Haen (Darmstadt, Germany); other chemicals (acetonitrile, methanol, sodium hydroxide, ammonia, ammonium bicarbonate, potassium hydrogen phthalate) employed were of analytical grade (Merck, Darmstadt, Germany). Double distilled water was used for the preparation of the mobile phase. Vol. 27, No. 3, 2016 Stock solution of the investigated compounds (100 µg mL -1 ) were prepared in mobile phase, stored at 4 o C, and then further diluted with mobile phase to the desired concentration. All solutions were protected from light and were used within 24 h to avoid decomposition.
Apparatus
The chromatographic hardware used comprised of a Shimadzu HPLC system (Shimadzu Technologies, Kyoto, Japan) equipped with a pump (LC-20AD), a UV-Vis detector (SPD-20A), a column oven (CTO-20A) and a degasser system (DGU-20A 3 ). pH measurements of the mobile phase were performed with a Mettler Toledo MA 235 pH/ion analyzer (Schwerzenbach, Switzerland) using M-T assembly pH electrode. For the standardization of potentiometric system according to the IUPAC rules, 20 potassium hydrogen phthalate solution (0.05 mol kg -1 ) was used.
Chromatographic procedure
In the present work, the effect of solvent composition in mobile phases was analyzed at five solvent levels. At each composition, different pH values were studied, spread over the pH range from 5.0 to 10.5. In this study, mobile phases used were different proportions of MeCN (25 to 55 vol%) and MeOH (35 to 65 vol%), respectively. o-Phosphoric acid and ammonium bicarbonate were used as buffer components because of their appropriate pK a values and the symmetrical peak shape of studied compounds in these buffer solutions. The concentration of the buffer systems was in all cases 30 mmol L -1 (concentration after mixing the organic solvent-water binary mixtures). Chromatographic pK a determination was carried out using a X Terra C18 column (250 mm × 4.6 mm i.d., 5 µm, Waters, Milford, Massachusetts, USA). Chromatographic measurements were done at 25 o C with an eluent flow rate of 1 mL min -1 . The volume of solution injected into the column was 20 µL for each run. The compounds studied had different optimal wavelengths (for donepezil and galantamine: 230 nm; for rivastigmine: 225 nm; for uracil: 254 nm).
Results and Discussion
In the present study, the retention factors for the investigated compounds were obtained at different percentages of acetonitrile/methanol in the mobile phase and at different mobile phase pH values. Selected organic modifier concentration in MeCN-water binary mixtures is much smaller than that in MeOH-water binary mixtures, because MeCN is a stronger solvent than MeOH. Therefore, concentrations of these two solvents are not the same.
The pK a values, as well as the retention factors of the studied compounds, were obtained by fitting the retention factors-pH data to equation 1, usually by non-linear regression. Nowadays, there are many commercial computer programs to perform these fittings, including ORIGIN Pro 8 software. The pK a values and the retention factors of investigated compounds in different MeCN and MeOH ratios calculated by NLREG 21 and ORIGIN 22 programs are given in Tables 1 and 2 , together with respective standard deviations. As expected, dissociation constant values decrease with the increase of MeCN and MeOH contents, according to the general behavior of weak basic compounds. The reason is that MeCN is less basic than methanol. Hence, bases are stronger in these solvents.
From the data given in Tables 1 and 2 , it is immediately obvious that the nature of solvent plays a fundamental role in the base equilibria. As shown in Tables 1 and 2 , all drugs studied have one pK a value corresponding to base functional group. pK a values obtained for donepezil are consistent with the dissociation equilibrium of N-benzylpiperidine ring (Figure 1 ). The pK a of rivastigmine is similar to the value of donepezil and can be assigned to the dissociation of the secondary amine group. Galantamine has an azepine moiety and pK a value of this compound can be associated with nitrogen atom in azepine (Figure 1) .
The retention factors were obtained over a pH range of 5.0-10.5, in order to determine pK a of these acetylcholinesterase inhibitors using RPLC method. In Figures 2 and 3 , data pairs of k and pH for investigated compounds in different percentages of MeCN-water and MeOH-water binary mixtures are shown, together with the corresponding experimental and calculated retention factors. It can be concluded that plots of sigmoidal curves of retention factor (k) vs. pH of the mobile phase are related to the influence of an organic modifier on the dissociation of basic solute.
Variation of the mobile phase pH is a key parameter to enhance the chromatographic selectivity and retention time for ionization compounds. Figure 4 shows the typical chromatograms of drugs eluted by different percentages of MeCN/MeOH in the mobile phase at different pH environment. It provided that the retention times (t R ) of donepezil, rivastigmine and galantamine increased as the pH value increased.
In this work, equation 4 was evaluated statistically for these drugs at different conditions. In this way, a complete description of the retention behavior of each solute in the space defined by the pH of the mobile phase and E T N variables was obtained. The coefficients describing a retention behavior of these solutes using equation 4 are listed in Table 3 . The retention behavior of these compounds was accurately modeled as a function of pH and polarity of the mobile phase with the equations proposed. The results shown in Table 3 demonstrate a good performance of the liquid chromatographic method for determination of dissociation constants. In the first described approach, equation 5, was used to estimate the aqueous pK a values of studied reversible AChE inhibitors. There is actually a linear relationship between pK a of the rivastigmine, donepezil, galantamine used and mole fraction of methanol and acetonitrile in the binary mixtures. The results of linear equations for compounds used are provided in Table 4 . All these straight lines show reasonably satisfactory correlation coefficients and standard deviations.
Then, the following expression, equation 6, was used to estimate the aqueous pK a of investigated substances. The parameters of the Yasuda-Shedlovsky equations are also summarized in Table 5 On the other hand, the Marvin Sketch program 9 was used to compute the drugs' aqueous pK a . The pK a values reported in the literature and predicted by this program 9 are presented in Table 6 . In literature reports, different pK a values for the same compound are calculated. In the present study, calculated pK a values for galantamine are not in full consistency with that reported by Meloun et al. 23 In that study, 23 galantamine was determined in different ionic strengths and temperatures. For rivastigmine, pK a values were predicted by Hsieh et al., 24 and Luan et al. 25 In these studies, there are no experimental values. There is only one study in the literature for donepezil. 26 This study was carried out by capillary electrophoresis method. Therefore, calculated pK a values for donepezil are not in full consistency with that reported by Ishihama et al. 26 Table 6 shows that despite the use of different equipment and determination by different persons on different days using different starting drug concentrations, close values were obtained for dissociation constants of the determinations. A comparison with representative dissociation constants available in the literature shows that either method gives satisfactory values.
Conclusions
This work represents the first study dealing with the chromatographic determination of pK a values of some reversible acetylcholinesterase inhibitors at different proportions of MeCN-water and MeOH-water binary mixtures. The combined effect of the two factors (solvent percentage and pH of the mobile phase) on the retention behavior of donepezil, rivastigmine, and galantamine was investigated. Dissociation constant values and limiting retention factors of these compounds were calculated chromatographically using derived equations. Mole fraction and Yasuda-Shedlovsky extrapolation methods were proposed to obtain the aqueous pK a values. The results obtained agree very well with those obtained by calculation by means of the Marvin Sketch program, which is based on the analysis of the chemical structure relative to the dissociation of the selected basic group. The important data extracted from this work can be used for pharmacokinetic and pharmacological studies of these drugs. Moreover, the knowledge of the chromatographic behavior of the drug compounds in different water-organic solvent media is a useful parameter to optimize analytical procedures for the separation of ionizable compounds by liquid chromatography.
